The characterization of the spatial variability of soil attributes is essential to support agricultural practices in a sustainable manner. The use of geostatistics to characterize spatial variability of these attributes, such as soil resistance to penetration (RP) and gravimetric soil moisture (GM) is now usual practice in precision agriculture. The result of geostatistical analysis is dependent on the sample density and other factors according to the georeferencing methodology used. Thus, this study aimed to compare two methods of georeferencing to characterize the spatial variability of RP and GM as well as the spatial correlation of these variables. Sampling grid of 60 points spaced 20 m was used. For RP measurements, an electronic penetrometer was used and to determine the GM, a Dutch auger (0.0-0.1 m depth) was used. The samples were georeferenced using a GPS navigation receiver, Simple Point Positioning (SPP) with navigation GPS receiver, and Semi-Kinematic Relative Positioning (SKRP) with an L1 geodetic GPS receiver. The results indicated that the georeferencing conducted by PPS did not affect the characterization of spatial variability of RP or GM, neither the spatial structure relationship of these attributes.
INTRODUCTION
The spatial variability characterization of soil attributes is essential to promote sustainable agricultural practices. MCBRATNEY et al. (2003) proposed the use of geostatistics, a numerical rating of tools to characterize spatial variability attributes, and improve mapping quality for agricultural and environmental purposes. Quality measurements in positioning are inferred especially through precision and accuracy indicators, such as standard deviation and mean square error, among others.
However, the result of geostatistical analysis of these attributes is dependent on sample density (CORÁ & BERALDO, 2006) and other factors as the format of the sampling grid and the georeferencing method of the samples itself.
The georeferenced points, on the other hand, are directly related to the quality limits (isolines) presented by the spatial variability map (composing). Among the different georeferencing methods used in precision agriculture (PA), there is the Single Point Positioning (SPP), which uses receptors called "navigation" with expected accuracy of less than 15 m (GARMIN CORPORATION, 2006) , and Relative Positioning (RP), which uses "geodetic" receptors (expected accuracy at the order of centimeters). It is noteworthy that, in determining the semivariance, paired sample points are used, which coordinates are provided by the positioning method adopted in the georeferencing; hence, the quality of these coordinates may affect the semivariogram results.
In study described by SHIRATSUCHI et al. (2004) , GPS navigation showed adequate accuracy to regular grids with a minimum of 30 m in PA activities. DELALIBERA et al. (2007) claim that the use of GPS navigation in PA is dependent on the scale of study and knowledge of the variable to be georeferenced. In contrast, STABILE & BALASTREIRE (2006) state that the GPS navigation receiver is not recommended for PA use, because it does not have adequate accuracy. These results indicate that the feasibility of using GPS navigation in PA is dependent on the application, as well as the desired accuracy. It is noticed that ROSALEN et al. (2010) determined an accuracy of about 4 m in planimetry for GPS navigation (Single Point Positioning).
Thus, studies seeking to evaluate the different methods of coordinate acquisition and its relation to characterization maps of soil properties at more detailed scales are important for PA application. Among these soil attributes, the mechanical resistance to penetration (RP), according to FREDDI et al. (2006) , plays a major role on crop development, since root growth and crop productivity values are inversely proportional to RP. Therefore, it is of fundamental importance to understand the spatial distribution pattern of this attribute in defining specific areas of management.
It is important to say that RP is strongly correlated with soil moisture at sampling time and that this correlation is generally negative (MARTINS et al., 2009; ROSA FILHO et al., 2009) . Therefore, it is also important to identify the spatial correlation of these variables. Thus, within this context; we aimed at comparing two georeferencing sample methods to characterize the spatial variability of soil mechanical resistance to penetration and gravimetric soil moisture as well as the spatial correlation of these variables.
MATERIAL AND METHODS
The study area is located in the municipality of Jaboticabal, state of São Paulo, approximately 21°15'22'' South latitude and 48°18'58'' West longitude, with an average altitude of 570 m. The climate is classified according to Köeppen as subtropical dry winter (Cwa). The predominant soil is classified as a clayey Eutrudox Oxisol.
For measurements of soil mechanical resistance to penetration (RP), it was used an electronic penetrometer coupled to an ATV built in accordance with ASAE S313.3 norms (ASAE, 1999) . A Dutch auger was used to sample gravimetric moisture (GM), which was determined according to the method described by EMBRAPA (1997).
GM and RP were evaluated in the layer between 0.0 and 0.1 m, following a sampling grid of 60 points spaced at 20 m, with a total area of 1.8 ha. Twenty-meter spacing was adopted according to the accuracy of the GPS navigation used (less than 15 m to the Single Point Positioning method). The sampling grid was placed with stakes, using measuring tape. Later, the points were georeferenced using a Garmin GPS navigation receiver, model Etrex Vista, for Single Point Positioning (SPP), and geodetic Trimble L1GPS, model 4600LS for Relative Semi-Kinematic Positioning (RSKP). In Semi-kinematic positioning, 10 th elevation mask was used for static initialization of approximately 20 min and about 1 min per sampled point with fixed solution. Figure 1 displays the sampling scheme for both RP and GM, highlighting the coordinate differences of data points between the GPS receivers used. FIGURE 1. Sampling scheme for soil resistance to penetration (RP) and gravimetric soil moisture (GM) at a 0.0 to 0.1 m depth, using a geodetic and navigation GPS (plane-rectangular coordinates of UTM projection system, Zone 22, Reference System WGS84).
Data were submitted to descriptive statistical analysis to determine the average, maximum and minimum values, coefficient of variation (CV), and coefficients of skewness and kurtosis. The attribute variability was classified by the CV magnitude, according to PIMENTEL-GOMEZ & GARCIA (2002), being low for CV values below 10%, medium for CV between 10 and 20%, high for CV between 20 and 30%, and very high when CV was greater than 30%.
To estimate the spatial dependence between samples, as well as to identify whether the changes were systematic or accidental, it was used semivariogram models. The selection of models was based on the lowest residual sum of squares (RSS) and best coefficient of determination (R 2 ). The semivariograms were validated by the cross validation method, observing isotropy in all adjusted models, which indicates that the spatial variability pattern of the structure is the same in all directions.
To analyze the degree of spatial dependence, it was used the classification according to CAMBARDELLA et al. (1994) , which considers that the spatial dependence semivariograms has strong nugget effect when it equal to 25% of the baseline, moderate spatial dependence when the nugget effect is between 25 and 75%, and weak spatial dependence when the nugget effect is greater than 75%.
Subsequently, the estimation of experimental semivariograms and fitness of the theoretical models were performed to interpolate the data by the kriging method, using the GS + software (ROBERTSON, 2004) . It was chose block kriging to generate maps with a smoother surface when compared to point kriging, since the former represents the average value of an area around the estimated point (BURROUGH & MCDONNELL, 1998) . For map preparation, the Surfer 8.0 program (SURFER, 2002) was used. To investigate the similarity between maps of the boundaries of soil RP and GM using the coordinates obtained by navigation and geodetic GPS, spatial correlation of the maps was performed through the criterion described by ROQUE et al. (2008) .
In order to determine the linear correlation between GM and RP, it was performed simple Pearson correlation. To check the spatial correlation, cross-semivariograms were constructed, using GM as the main variable and RP as covariate. Only cross-semivariograms that had point series distributed in a single quadrant were selected, thus showing reliable property between GM and RP (MEGDA et al., 2008) . Cross-semivariograms presenting point series in more than one quadrant were considered of indefinite spatial correlation (CAMARGO et al., 2008) .
RESULTS AND DISCUSSION
Mean and median values for the variables of mechanical resistance to penetration (RP) and gravimetric soil moisture (GM) were close, indicating symmetric distributions (Table 1) RP semivariograms estimated with geodetic GPS coordinates and with navigation GPS presented similar parameters, and the adjusted model used for both was spherical (Table 2 ). There was a lower value for the parameter nugget effect (C 0 ) in the semivariogram obtained with geodetic GPS coordinates in comparison with the one estimated from navigation GPS coordinates for RP. However, based on the classification by Cambardella et al. (1994) , the degree of spatial dependence was strong for both semivariograms. The range of the geodetic GPS semivariogram for RP was 2 m greater than the navigation GPS ( Table 2 ).
The exponential model was used to fit the data for the GM semivariogram. So, as for RP, the widest range found for the GM semivariogram (66 m) was estimated with coordinates from the geodetic GPS receiver. The degree of spatial dependence (DSD) for GM was classified as strong (Table 2) . There was only a small difference between the results obtained using the navigation and the geodetic GPS receivers in the RP and GM semivariograms. This result indicates that the coordinates obtained with the navigation GPS receiver were adequate for determining the RP and the GM spatial distribution patterns in this study. Interpolation by kriging generated 5,641 estimated points. Note in Figure 2 the similarity between maps obtained with the coordinates from geodetic and navigation GPS for both RP (Figures 2a and 2b) and GM (Figures 2c and 2d) . The extent of this similarity is indicated by the values of spatial correlation obtained between RP and GM maps, based on navigation and geodetic GPS coordinates. The correlation values obtained were 0.992 for RP and 0.900 for GM. These results indicate that even with the changes in the semivariogram parameters, the method used to acquiring coordinates was not significant to map RP and GM variabilities. Therefore, it is possible to use navigation GPS to find the spatial distribution pattern of RP and GM, and to define the limits of uniform management areas (specific management areas) with satisfactory reliability.
These results are consistent with those obtained by SHIRATSUCHI et al. (2004) , which also analyzed the feasibility of using the navigation GPS for precision farming activities, provided they use regular grids spaced at a minimum of 30 m. However, in the present study, it was observed that even with the use of grids with points spaced at 20 m, it was possible to confirm the reliability of navigation GPS. This result is important because navigation GPS may become economically viable for uses in precision farming activities, since these receptors are cheaper compared to the receivers known as having better precision and accuracy, such as the geodetic GPS receivers.
Navigation GPS
Geodetic GPS a. RP (MPa) The coefficient of correlation (r) between GM and RP was -0.3 (p<0.05), indicating that there was an inverse correlation between these variables. Similar result was obtained by MARTINS et al. (2009) , who also noted inverse correlation between GM and RP in a dystrophic Oxisol under no-tillage. It was possible to estimate cross-semivariograms when using coordinates obtained by geodetic GPS receiver as well as with the navigation GPS receiver (Figure 3) . Corroborating the results of linear correlation analysis, it appears that the spatial correlation between the GM and RP is inversely proportional. The adjusted model for both cross-semivariograms was exponential. These results agree with those obtained by ROSA FILHO et al. (2009) , who also noted negative spatial correlation between GM and RP; however, the adjusted model in that was the spherical.
The parameters nugget effect (C 0 ) and baseline (C 0 + C) were similar for both crosssemivariograms. The parameter range in the cross-semivariogram, unlike the simple semivariogram, represents the end or the maximum distance of spatial dependence between the variables (VIEIRA, 2000) . Thus, for the present study, the spatial dependence between GM and RP was 62 m for the cross-semivariogram estimated with data obtained by the navigation GPS receiver and 63 m for the geodetic receiver. These results indicate that the spatial structure of the cross semivariogram was virtually unchanged by using coordinates obtained from different positioning methods. Therefore, it can be conclude that it is possible to use coordinates obtained by the navigation GPS (Single Point Positioning) system to determinethe codependency of GM and RP variables. FIGURE 3. Cross semivariograms between the soil gravimetric moisture and soil resistance to penetration, using coordinates from navigation GPS (a) and a geodetic GPS receiver (b). Exp-Exponential; C 0 = Nugget effect, C 0 + C -Baseline, a-Range; RSS-Residual sum of squares; R 2 -Coefficient of determination.
CONCLUSIONS
Within the experimental conditions, it can be conclude that the sample georeferencing using navigation GPS (Single Point Positioning) did not affect the characterization of the spatial variability of soil mechanical resistance to penetration (RP) or the gravimetric soil moisture (GM) at the layer of 0.0 to 0.1m depth, indicating that this positioning method may be used for georeferencing to characterize the variability in a ultra-detailed scale (≥1:5,000).
The spatial structure of the relationship of the attributes gravimetric moisture (GM) and soil mechanical resistance to penetration (RP) was not altered by using coordinates in the two different positioning methods analyzed (navigation GPS -Single Point Positioning, and L1 geodetic GPSRelative Semi-KinematicPositioning). Thus, within the experimental conditions, coordinates obtained by navigation GPS maybe used to determine the codependency of variables related to gravimetric soil moisture and soil mechanical resistance to penetration.
